Sunflower rust, caused by Puccinia helianthi Schwein., has been an increasing threat to the sunflower industry in North America in the last few years since sunflower rust has been appearing earlier in the season than normal, which increases the likelihood of significant economic losses to the disease (24, 26) . Rust incidence has continued to increase from 17% in 2002 to over 70% of the fields in the last 2 years (1, 12, 26) . In addition, there has been an exponential increase in the appearance of virulent rust races to which current hybrids have little resistance (10, 39) . Although fungicides are available for disease management, host plant resistance is the most effective way to control the disease.
In the early 1960s, four North American (NA) races (1, 2, 3, and 4) of P. helianthi were identified by Sackston (43) using three standard Canadian sunflower rust differential lines, allowing a maximum of 2 3 races to be differentiated. Later, this sequential numbering system of race identification was changed to a coded triplet system to produce a virulence formula using a set of nine differentials, which allows a theoretical 2 9 races to be identified, assuming no duplication of genes between lines (12, 25) . An international ad hoc committee approved the use of these lines and the triplet code for rust nomenclature (13) . In some instances, researchers have added supplemental differentials to the list, using selections from rust resistant hybrids commonly grown in their country (20) . To compare the older race classification system and the triplet coding system, the previous NA race 1 corresponds to race 100 of the coded triplet system, NA race 2 to race 500, NA race 3 to race 300, and NA race 4 to race 700. The differentials used in this system include inbred line S37-388, Canadian lines MC 90 and MC 29, P-386, and inbred lines HA-R1 through HA-R5. S37-388 is universally susceptible to all races, and others have different reaction patterns, and are all derived from diverse pedigrees (14) . Evaluation of a collection of rust races from both cultivated and wild sunflower that was conducted in 2007 and 2008 in the United States identified a total of 39 rust races (12) . Among them, two races 334 and 336, variants of race 300 (old race 3), were dominant in both years comprising 49% in 2007 and 39% in 2008 . Race 336 is able to attack six of the nine differential lines. Although race 777, a variant of race 700 (old race 4), was present at low frequency, it is the most virulent race. The nine differential lines are all susceptible to race 777 (12, 40) , and only a few lines are resistant to this highly virulent race of rust (16, 34) .
Host resistance genes have been genetically characterized in sunflower. The rust resistance gene R 1 present in the inbred lines MC 69 and MC 90 confers resistance to rust races 100 and 500 (old races 1 and 2) (27, 37) . A sequence characterized amplified region (SCAR) marker SCT06 950 was found that cosegregates with rust resistance gene R 1 and mapped to linkage group (LG) 8 (23, 51) . The inbred line MC 29 has the rust gene R 2 , resistant to races 100 and 300 (old races 1 and 3) (27, 37) . Rust gene R 3 identified in the line PhRR3 confers resistance to two Australian rust races (8) , while gene R 4 in the inbred lines HA-R1, HA-R3, HA-R4, and HA-R5, confers resistance to races 100, 500, 300, and 700 (old races 1 to 4) (9, 35) . The R 4 locus is located on LG 13 in Helianthus annuus L. (45) . A SCAR marker SCX20 600 linked to rust gene R adv present in the proprietary line P2 developed by Pioneer Seeds (Pioneer Hi-Bred Australia) was also mapped to LG 13 (23, 51) . The rust gene R 5 in the inbred line HA-R2 confers resistance to races 100, 500, 300, and 700 (old races 1 to 4) (9,35). Several SSR markers in LG 13 were reported to be linked to rust gene R 5 (45) . Yang et al. (50) identified the rust gene Pu 6 in the inbred line P-386 that confers resistance to races 100, 500, 300, and 700 (old races 1 to 4). Rust resistance to races 100, 500, 300, and 700 (old races 1 to 4) was also reported in wild annual sunflower species (11, 38) .
The USDA Sunflower Research Unit has released more than 300 sunflower breeding lines since 1968. Of those, 74 lines were reported to have resistance to one or more NA races of rust (http://www.ars-grin.gov/cgi-bin/npgs/html/desc.pl?79148; http:// www.ars-grin.gov/cgi-bin/npgs/html/dno_eval_acc.pl?79149, last accessed 11 June 2010, Table 1 ). However, resistance to the predominant race 336 and the most virulent race 777 has not been evaluated in these lines because these races did not exist at the time the breeding lines were released. Also, the genetic diversity of the wild Helianthus species has not been fully evaluated for resistance to the new races. The objectives of the present study were to identify resistance to the races 336 and 777 in sunflower breeding lines and to validate molecular markers known to be linked to resistance genes in the sunflower rust resistance gene pool.
MATERIALS AND METHODS
Plant materials. A total of 80 USDA released sunflower lines were selected for this study based on previous reports of rust resistance from greenhouse evaluations using races 300 and 700 (old races 3 and 4) from 1993 through 1997 (http://www.ars- populations were resistant to the four races 100, 300, 500, and 700 (old races 1 to 4) at the time of their releases (Table 1 ) (18, 19) . Another six were selected from the BC 1 F 2 populations of HA 89 crossed with different wild H. annuus populations; their resistance to sunflower rust had not been previously evaluated (44) . Additionally, 24 foreign germplasms, developed specifically for rust resistance from Argentina, Australia, Canada, France, and Russia, were included in the present study; some of them possessed known rust resistance genes. The confection hybrid Mycogen 7350 was used as a universal susceptible check, replacing the Canadian public line S37-388 which is difficult to increase because of its extreme rust susceptibility. The inbred lines HA 89, CONFSCLB1, and CONFSCLR5 were also used as susceptible checks.
To study the inheritance of a new rust resistance gene identified in the line Rf ANN-1742 in the present study, an F 2 segregating Pergamino 71/538 --NA -population was developed from the selected resistant plants heterozygous for the rust resistance gene. Rust inoculation. Seeds were planted in 36-cell plastic flats (each cell 4.6 cm × 5.4 cm) filled with Sunshine SB 100B potting mixture (SunGro Horticulture, Bellevue, WA). For inbred lines, two replicates of four plants (one plant/cell), in separate flats, were planted, while for germplasm lines a total of 20 plants were tested because the germplasms were not genetically fixed and it was unknown if the rust resistance genes were homozygous. The inheritance of rust resistance in the line Rf ANN-1742 was evaluated using an F 2 segregating population, with a total of 208 F 2 plants inoculated for each of the two rust races. The greenhouse was maintained at 24°C day/20°C night with a 16-h photoperiod and sodium vapor lighting. Plants were fertilized weekly with a water soluble 15-16-17 analysis fertilizer and sprayed weekly to runoff with B-Nine (daminozide; Chemtura USA, Middlebury, CT) growth regulator at 0.5% wt/vol to maintain compact growth. The inbred lines and germplasm lines were inoculated with urediniospores of race 336 and race 777 (separately on two groups of plants) at the four-leaf stage (about 3 weeks after planting) using the procedure described by Gulya and Masirevic (14) . Race 336 was collected originally from cultivated plants in North Dakota in 2009, and is the predominant race in North Dakota, while race 777, collected from cultivated sunflower plants in Kansas in 1995, is the most virulent race, able to infect all nine rust differential lines. Both races were increased from single pustules. Urediniospores were collected from greenhouse-grown Mycogen hybrid 7350 plants with the aid of a cyclone collector (48) and stored at 4°C or -80°C until needed. Spores were suspended in SOLTROL 170 isoparaffin (Chevron Phillips Chemical Co., The Woodlands, TX) at 5 to 10 mg spores/10 ml, which was equivalent to 1.5 to 3.0 × 10 6 spores/ml. The spore suspension was atomized onto all leaf surfaces with compressed air. After allowing the SOLTROL 170 to evaporate for 15 min, the plants were incubated in sealed chambers equipped with automated ultrasonic humidifiers to provide continuous leaf wetness within a room maintained at 18 to 20°C in the dark for 16 to 24 h. Plants were then returned to the greenhouse and maintained under the conditions mentioned above.
Rust evaluation. Rust pustules started to appear in 7 to 10 days, but evaluations were made at 12 to 14 days postinoculation. Rust reaction was rated visually on the basis of both pustule size (infection type) and leaf area covered by pustules (severity) on all inoculated leaves (first four leaves of each plant). A total of 32 leaves for each inbred line and 80 leaves for each germplasm line were evaluated. A modified Sackston's numerical rating system (43) described by Yang et al. (49) was used as follows: 0 = immune, no uredia or hypersensitive flecks; 1 = high resistance, presence of hypersensitive flecks or lesions, or pustules smaller than 0.2 mm in diameter with or without chlorotic halo; 2 = resistant, pustules smaller than 0.4 mm; 3 = susceptible, pustules 0.4 to 0.6 mm in diameter; and 4 = highly susceptible, pustules larger than 0.6 mm. Reactions 0, 1, and 2 were classified as resistant, while reactions 3 and 4 were rated as susceptible. Pustule leaf coverage was assessed using the diagrams developed by Gulya et al. (15) . Pustule leaf coverage of <0.5% combined with pustule size ratings of 2 were classified as resistant. Susceptible check varieties, Mycogen hybrid 7350, and USDA lines HA 89, ANN-1742 , the observed ratios of resistant to susceptible plants were compared with expected ratios using chisquare to test for goodness of fit.
DNA marker analysis. Sunflower lines resistant to rust race 336 or 777, and the lines with known rust resistance genes, were selected for further genotyping using six known DNA markers linked to rust resistance genes ( Table 2) . Simple sequence repeat (SSR) markers were developed by Tang et al. (46, 47) 
out using an IR2 4300 DNA Analyzer (Li-COR) on 6% polyacrylamide gel. The PCR conditions for SCAR marker SCT06 linked to the rust gene R 1 were previously described in Lawson et al. (23) . The PCR products were separated in 1.5% agarose gels and visualized under UV light.
RESULTS

Evaluation of rust resistance to virulent races.
The reactions of 104 sunflower lines to races 336 and 777 indicated that most previously released lines, originally selected for resistance to the four old NA rust races, were susceptible to races 336 and 777. Only 13 (12.5%) of the 104 entries tested were resistant to both races, and another six lines were resistant just to race 336 (Table  3) . Among the 19 resistant lines, six were released USDA inbred lines, six were interspecific germplasm lines, and seven were introduced foreign lines. Most of the 19 rust resistant lines had a hypersensitive reaction with flecks or type 1 pustules. Germplasm line TX16R was the only entry with an immune reaction on some plants, but this entry was segregating Six of the 66 inbred lines tested were resistant to one or both races. HA-R2 and HA-R3 were resistant to race 336, but moderately susceptible to race 777. Four inbred lines, HA-R6, HA-R8, RHA 397, and RHA 464, were resistant to both races 336 and 777. Eight interspecific germplasm lines, PH1 to PH7 and TX16R, were previously reported to resist races 100, 500, 300, and 700 (old races 1 to 4) (18, 19) . In our present study, PH3, PH4, and PH5 showed resistance to both races 336 and 777 with type 1 hypersensitive flecks or pustules, whereas PH6 was resistant only to race 336 (Table 3 ). The interspecific line TX16R had plants with two types of resistant reactions after inoculation: immune, and type 1 with a few hypersensitive flecks. The lines PH4 to PH6 and TX16R were segregating for resistance and susceptibility, indicating that rust resistance genes in these lines are still in a segregating condition. Six other interspecific germplasm lines, which were derived from the crosses of different wild H. annuus populations with cultivated sunflower and released as fertility restorers (Rf) in 1997 (44) , were tested for their reactions to rust (Table 1) . One line, Rf ANN-1742, was found to be resistant to both rust races 336 and 777, whereas all others were highly susceptible to rust (Table 3) . Segregation for rust resistance in the line Rf ANN-1742 indicated that the original single plant selection was heterozygous for the rust resistance gene. Among 26 foreign entries tested, Australian hybrids, Hysun 36, Hysun 37, Hysun 47, and PI 650362 (breeding line from INRA-France) were resistant to both races. Another three lines, MC 29 (Canada), Suncross 53 (Australian hybrid), and PI 497938 (Russia), were resistant only to race 336 ( Table 3 ). PI 650362 is the resistance donor for the inbred line HA-R6 (Table 1) .
Inheritance of a new rust resistance gene in line Rf ANN-1742. The germplasm line Rf ANN-1742 segregated for rust resistance to both races 336 and 777 in the first rust evaluation experiment and was identified as a new rust resistant source. The resistant plants (09-519-1 and 09-519-5) were selected and selfpollinated. Forty progenies from each selected plant were further evaluated for their reaction to both races. The results indicated that both selected plants were still heterozygous for the rust resistance gene, and their progenies equate to an F 2 segregating population. A total of 414 F 2 progenies were further evaluated for their reaction to rust; 208 for race 336 and 206 for race 777. The distribution of resistant to susceptible plants in the segregating population was a good fit to a 3:1 ratio. Fig. 1A) .
SSR primers of ORS333 amplified three fragments which were previously mapped to LGs 3, 9, and 14 of sunflower (2, 47 Table 4) .
The molecular marker linked to the rust gene R adv was developed using the proprietary line P 2 as the resistant parent (23) . This line is a commercial inbred line developed by Pioneer Hi-Bred and is not publicly available. DNA markers linked to R adv were not able to be validated in the present study. Of 24 lines tested with two markers, ORS45 and ORS799, linked to the rust gene R 4u in Suncross 53, only Hysun 47 had similar PCR patterns to Suncross 53 for these two markers (Table 4) . PCR polymorphic fragments in these two lines could be distinguished from other lines only in a 6% denaturing polyacrylamide gel. Of the 24 lines screened with markers ORS316 and ORS630 linked to the rust gene R 5 in line HA-R2, only MC 29 shared a common PCR pattern of ORS316 with HA-R2. However, six a These lines represent the resistant parents previously used for developing molecular markers linked to specific rust genes. The + indicates a polymerase chain reaction pattern the same as the rust resistance parents. lines, RHA 279, Suncross 53, P-386, RHA 397, Hysun 36, and PH3, had the same amplification pattern for ORS630 as HA-R2, missing a 350-bp fragment (Table 4 , Fig. 1B) . The absence of the 350-bp diagnostic fragment due to PCR error was ruled out in these six lines. When reducing the annealing temperature from 69 to 55°C with the ORS630 primer, we obtained the same results except that some minor bands were amplified at 55°C (Fig. 1C) .
DISCUSSION
Our present study revealed that most previously released rust resistant lines no longer provide effective resistance to current races such as races 336 and 777. Among 104 entries tested, only 19 showed resistances of which 13 were resistant to both races and six were resistant only to race 336. The existing rust resistance gene pool of sunflower has genetic diversity, which confers race-specific resistance to rust. All rust resistance genes in cultivated sunflower can be traced to wild species, mainly from wild H. annuus, and some from H. argophyllus and H. petiolaris (3, 18, 19, 38 (Table 1) (18, 19, 44) . The rust resistance gene in the line PH6 was derived from a wild H. argophyllus accession PI 413171 (Table 1) . Rf ANN-1742 is a new rust resistance source identified in the present study. The line MC 29 is an old Canadian line known to carry the resistance gene R 2 , which was also derived from wild H. annuus collected in Texas (37) . The information about the pedigrees of the four resistant lines introduced, Hysun 36, Hysun 37, Hysun 47, and Suncross 53, developed by two commercial seed companies in Australia, is not available, so we do not know the source of resistance gene(s) or if they are the same or different than those already identified.
The future development of sunflower inbred lines or hybrids with high levels of durable rust resistance will depend on the ability to select genotypes that have combinations of effective resistance genes. Knowledge of virulence evolution of the pathogen population and available DNA markers closely linked to host R-genes are a prerequisite for successful gene pyramids. The selection of the genotypes with gene combinations is often not possible using resistance tests. We have evaluated the molecular markers which were previously reported to be linked to the different rust resistance genes in 24 selected lines. Two codominant SSR markers, ORS45 and ORS799 linked to the R 4u gene, gave a unique pattern in the parental line Suncross 53, except the line Hysun 47 shared the same pattern as Suncross 53. We do not know if the two lines had the same gene due to lack of the pedigree information. However, three dominant PCR markers that were previously reported to cosegregate with R-genes of R 1 , R 2 , and R 5 , respectively, showed cross-amplification among the different lines known to harbor different R-genes.
SCT06 primers amplified a 950-bp fragment associated with the R 1 gene in the lines MC 90 and RHA 279 which harbor the R 1 gene. This fragment was also present in five other lines, MC 29, HA-R8, RHA 397, RHA 464, and PI 497938. MC 90 and MC 29 have similar origins, whose resistances were derived from the outcross of the wild H. annuus grown in Renner, Texas, but differ in their reaction to rust (37) . The rust resistance gene R 2 in MC 29 was known to be inherited independently from the gene R 1 in MC 90 (27, 37) . The presence of the SCT06-950 fragment in MC 29 was previously reported and was explained by recombination between the genomic region amplified as SCT06 950 (8, 22) . A Canadian line 953-102-1-1-22-4 was used in the pedigree of Peheun INTA. This Canadian line is a sister line of 953-102-1-1-22 that was the resistance donor parent of MC 29 (3, 22, 37) . This would explain why PhRR3 had a similar PCR pattern of ORS333 to MC 29.
Sendall et al. (45) reported that SSR marker ORS630 cosegregated with the R 5 gene in line HA-R2. However, this report provided little detail on the mapping of this gene. Out of the six lines sharing the same PCR patterns as HA-R2, three, P-386, Suncross 53, and PH3, were known to carry different alleles at the R4 locus, whereas HA-R2 carries the R 5 gene (34, 45) . Three other lines, RHA 279, RHA 397, and Hysun 36, have diverse genetic backgrounds with different reaction to rust. The apparent absence of the particular 350-bp fragment of ORS630 in these six lines may not relate to the R 5 gene. One possibility could be diverse DNA sequences in the ORS630 primer binding sites in these lines, resulting in no amplification. A combination of ORS630 with other markers flanking the gene R 5 must be used for effective identification of the gene R 5 in genotypes for backcross-assisted selection or for pyramiding this gene with different sources of resistance.
The present study revealed that pedigree relationships influence the association of a PCR fragment with a particular resistance gene in different sunflower lines which harbor different R-genes, but share the similar PCR pattern of a given marker. It complicates the use of these markers in breeding programs by means of marker-assisted selection (MAS). To improve the efficiency of MAS, it is important that the recombination frequency between the target gene and the marker be as low as possible. Developing a molecular marker which is located within the rust resistance gene (gene-specific marker) will eventually solve this problem; however, these kinds of markers are the most difficult to find. Using a combination of the markers flanking a resistance gene is a choice to effectively identify a target gene in breeding programs.
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